ABSTRACT: Electrochemical water splitting into H 2 and O 2 presents a significant and challenging energy loss due to the high overpotential required at the anode. Today, in industrially relevant applications, dimensionally stable anodes (DSA ® ) based on the electrocatalytic active RuO 2 are conventionally utilized. To enhance the resistance against corrosion, incorporation of TiO 2 in the RuO 2 coated electrodes is widely employed. In the present work we have used scanning electrochemical microscopy (SECM) to demonstrate that TiO 2 -doped RuO 2 coated 
electrodes, in addition to being more durable, also show an electrocatalytic activity that is, on average, 13% higher as compared to the pure RuO 2 coated electrodes. We also demonstrate that cracks in the pure RuO 2 coating are the most active zones, probably because Ti from the Ti support has diffused into the first applied layer of the RuO 2 coating. To reveal the nature of this enhanced activity for water oxidation displayed on TiO 2 -doped RuO 2 electrodes we have employed X-ray photoelectron spectroscopy (XPS) for material characterization. The results show that the electrocatalytic activity enhancement displayed on the mixed (Ru 1-x :Ti x )O 2 coating is promoted through a charge transfer from the RuO 2 to the TiO 2 , which provides new and more reactive sites designated as activated RuO 2 δ+ .
INTRODUCTION
Dimensionally stable anodes (DSA ® ) are functionalized anodes that can be composed of various types of catalyst coatings and are widely employed in a large variety of industrial electrochemical processes, e.g., chlor-alkali and chlorate processes, water treatment, electrowinning, and water electrolysis. 1, 2 These anodes are typically made of titanium (Ti) coated with a platinum-group metal oxide where the choice of one or several metal oxides is made on the basis of the actual targeted process. Among the different processes where DSA ® electrodes are utilized the water electrolysis process, either in acidic or alkaline media, represents a promising candidate for a convenient route for energy storage and conversion. However, electrochemical water splitting into hydrogen (H 2 ) and oxygen (O 2 ) suffers from a significant and challenging energy loss due to the high overpotential required at the anode in order to carry out the water oxidation reaction and efficiently produce oxygen evolution. 3, 4 Although conventional material supports, such as carbon black, have been investigated, their low resistance against corrosion at high anodic potentials have made other materials such as titanium dioxide (TiO 2 ), oxygen deficient Magnéli phases Ti n O 2n-1 5 or Sb-doped SnO 2 6 more convenient. Other approaches have, however, also been proposed in the literature, such as freely diffusing iridium oxide (IrO 2 ) nanoparticles as redox catalyst that impact the substrate electrode by stirring the solution. 7 In that case, water oxidation in alkaline aqueous solution is achieved at an overpotential of 0.29 V with a 100% current efficiency. Nevertheless, with todays constantly increasing energy costs, the depletion of fossil fuel reserves, and the negative impact of greenhouse effect gases, industrial applications demand highly efficient and inexpensive to produce DSA ® electrodes with low overpotentials for, e.g., the electrocatalytic water oxidation and with better selectivity against unwanted processes. Most DSA ® electrodes for water oxidation are therefore designed with an electrocatalytic coating of metal oxide nanoparticles, typically including ruthenium dioxide (RuO 2 ) and/or IrO 2 , which are deposited through thermal decomposition of metal salt solutions on a conductive metal substrate electrode. 8 In particular, RuO 2 exhibits high catalytic performance for water oxidation with a moderate overpotential and RuO 2 coated electrodes are, thus, one of the most studied catalytic metal oxides for the oxygen evolution reaction (OER). [9] [10] [11] [12] [13] [14] [15] [16] [17] Moreover, RuO 2 exhibits various interesting properties such as metallic conductivity, low resistivity (3-5 10 -5 Ω cm 18 ), high thermal stability, and high resistance to chemical corrosion, which provides reasonable long-term stability. 22 complemented with the chemically sensitive X-ray photoelectron spectroscopy (XPS), which is extensively used for material characterization. 23 The SECM has been proposed as an analytical tool for exploring the electrocatalytic activity of different materials, such as metallic nanoparticles 24, 25 and metal oxides. 26 In particular, the substrate generation-tip collection (SG/TC) mode of the SECM 27 has recently been proved as a useful tool for visualizing the chlorine evolution at DSA ® electrodes in highly concentrated brine solutions 28 and previously the OER at micro-sized Ir/Sn binary oxides using a shielded tip 26 . In the present work we use the SG/TC mode of the SECM for comparing the electrocatalytic activity for water oxidation displayed at TiO 2 -doped and un-doped DSA ® -like RuO 2 based electrodes. On the one hand, the SECM provides an overview image of the electrochemical activity at the two tested coatings, 29, 30 and on the other hand, the conventional XPS, as well as the higher resolution synchrotron radiation based XPS, provide element-specific information of the electronic structure of the probed components in the tested electrode areas, 23 which provide complementary information to reach a better understanding of the electrocatalytic reaction mechanism. repeated several times to obtain superimposed layers of the corresponding metal oxide. The precursor solutions were applied onto the Ti sheets with carefully pre-wetted brushes and subsequently heat treated in air for 10 minutes at 80 °C followed by 10 minutes calcinations at 470 °C. The coating procedure was repeated five times to achieve a coating thickness of 3 µm.
EXPERIMENTAL SECTION
For the XPS samples the heat treatment at 470 °C was prolonged to 1 h after the fifth application.
The TiO 2 on the SECM samples were formed spontaneously on the available bare titanium zones during the heat treatment in air.
The precursor solutions for the XPS-and SECM samples were prepared according to two different recipes where the former corresponded to an industrial standard recipe while the latter required precursor solutions with lesser tendencies to spread over the Ti sheets. The latter recipe was necessary in order to allow a narrow coating free zone of ~1. be in contact with the electrolyte. A 100 µm diameter gold ultramicroelectrode (UME) was employed as a probe electrode for sensing the O 2 generated on the substrate electrode. This tip was built by heat-sealing, under vacuum, a gold wire (Goodfellow, 99.99% purity) in a borosilicate glass capillary. After this, the capillary glass was polished to reveal the gold surface and sharpened using sand paper and different alumina powders to yield a flat disk. 22 The usual parameters to define a SECM tip are the tip radius (a), the tip radius including the glass sheath filled with 0.1 M HClO 4 solution was used as the reference electrode and it was assembled before each trial as described elsewhere. 31 The potential of this RHE remained stable during the entire experimental time period. All potentials in the text are reported with respect to the RHE. A gold wire, 0.5 mm in diameter, was used as a counter electrode.
X-ray Diffraction.
The conventional multi-step precursor solution application/calcination method produces coatings that are built up by nanoparticles. 32 To determine the size of the nanoparticles X-ray diffraction (XRD) measurements were performed with a Panalytical Empyrean MRD system, using Ni-filtered Cu K α radiation. Symmetric 2Θ-Θ scans were performed using line focus and an X-ray mirror on the incident side and a collimator on the diffracted side. To compare the particle size between the two samples the Scherrer equation was used 33, 34 with the shape factor K = 0.9 and the full width of half maximum (fwhm) of the RuO 2 (110) reflection. This will give an underestimation of the particle size, since other linebroadening effects are neglected, but the relative sizes should be correct for the two cases of RuO 2 -, and mixed (Ru 1-x :Ti x )O 2 coatings.
X-ray Photoelectron Spectroscopy.
The monochromatic Al K α (1486.6 eV) irradiation based XPS was acquired using a Gammadata Scienta Esca-200 with a total energy resolution for the spectroscopy near 0.36 eV. The X-ray incident angle was 45° providing a spot size on the sample that was 80 x 2500 μm 2 . The probing depth was estimated to be around 20 Å. 35, 36 acquired at the undulator beamline 47XU, SPring-8, Japan, using a Gammadata Scienta R4000 electron energy analyzer with a total energy resolution for the spectroscopy better than 0.28 eV at an incident photon energy of 7940.1 eV. The X-ray incident angle was 1° providing a spot size on the sample that corresponds to 43 x 3225 μm 2 in vertical and horizontal direction, respectively. The probing depth was estimated to be around 70 Å.
35,36
The binding energy scale of all XPS spectra presented here were calibrated against the Fermiedge (E f ) of a gold (Au) reference, which was set to a binding energy of 0 eV. No indications of charging of the samples were observed. Normalization of all spectra was performed at the background on the low binding energy side of the main peak/peaks.
RESULTS AND DISCUSSIONS

Optical and SECM SG/TC imaging. The optical microscopy (Zeiss Axiotech Vario)
image displayed in the upper panel of Figure 1 shows a SECM sample where the three different The lower panel of Figure 1 shows the SECM SG/TC image obtained when the gold UME tip was sensing the electrochemical activity as it was scanned over the sample surface, i.e. revealing where the oxygen evolution reaction was occurring on the substrate electrode. The dark green and brown areas correspond to low and high current collected on the UME tip, respectively, respectively, and therefore should not be noticeable in the SECM image, the O 2 gas formation in the cracks of the RuO 2 coating will rise and spread out like a plume when the O 2 bubbles leave the cracks, allowing the 100 µm UME tip to sense the O 2 concentration variation when it is above the cracked RuO 2 . We can therefore suspect that the cracks are even more active, compare to the RuO 2 coating in between them, than the SECM image shows. The observation of higher OER activity at the cracks and at the border to the TiO 2 film suggests that an enhanced OER activity occurs where Ti has diffused into the RuO 2 coating, i.e. close to the TiO 2 film border and where the cracks have penetrated down to the first applied layer, see Figure 2 , part (b): the Ru precursor solution is corrosive and leaches out Ti from the Ti sheet that diffuses into the first applied layer. The OER activity is, thus, proportional to the crack density, which is apparent at the upper left section of the RuO 2 coating where the crack density is as largest. At the border to the TiO 2 film the 1 st layer of the RuO 2 coating is exposed, see 
X-ray Photoelectron Spectroscopy. From the SECM results we can conclude that TiO 2 -
doping plays a significant role in enhancing the water oxidation activity on the RuO 2 coatings.
As TiO 2 is known to be a poor catalyst for the OER, 14,37 see also middle section of the SECM image in Figure 1 , the enhanced activity must be due to an interaction between the Ti and the Ru in the mixed oxide coating. To reveal the nature of this interaction we have employed an element selective and environmentally sensitive X-ray based technique using both conventional and synchrotron radiation. 7.94 keV excitation energy. The intensity of the Ru 3p 3/2 peak is much lower when using the surface sensitive excitation energy, suggesting significant Ti segregation to the surface region.
The probing depths were estimated to be 20 and 70 Å, respectively. 35, 36 A comparison between conventional Al K α XPS and synchrotron radiation based HAXPES of the mixed (Ru 0.5 :Ti 0.5 )O 2 coating, recorded on the same sample, is displayed in Figure 4 . As the intensity of the Ru 3p 3/2 component at the surface sensitive XPS spectrum, part (a), is much less than the corresponding peak in the deep probing HAXPES spectrum, part (b), the comparison clearly shows that Ti has segregated to the surface. The comparison further shows a larger Ti 2p shift of the surface sensitive XPS spectrum, which is a consequence of the Ti segregation since the shift of the Ti 2p becomes larger when the amount of TiO 2 increases as shown in Figure 5 . Characterization of RuO 2 coatings through XPS has been performed previously. [43] [44] [45] [46] The X-ray sources have in all cases been either an Mg or Al anode providing photons at 1.25 keV and 1.49 keV, respectively. An example of a Ru 3d XPS spectrum, obtained using excitation energy 1.49
keV, is shown in Figure 6 , part (a). Although the binding energy region of Ru 3d coincide with the C 1s, the XPS spectrum in Figure 6 resembles a corresponding XPS spectrum of RuO 2 (110) grown in vacuum on TiO 2 (110) 47 and, thus, indicates very small contribution from C-contaminations. Included in Figure 6 , as part (b), is also a Ru 3d XPS spectrum obtained using monochromatized synchrotron radiation of 7.94 keV. Except from a slightly better resolution, 0.28 eV for part (b) compare to 0.36 eV for part (a), and different background contribution, the two spectra are very similar and we can therefore conclude that the Ru 3d spectra in Figure 6 show no significant amount of C 1s intensity superimposed on the Ru 3d spectra. This conclusion is further supported through peak fitting of the Ru 3d XPS spectrum, presented in the Supporting Information, where the peak fitting procedure, which included plausible Ccontaminations, suppressed the C 1s components down to zero intensity.
The Ru 3d XPS spectrum features the primary spin-orbit components 3d 3/2 and 3d 5/2 at 284.9
and 280.7 eV binding energies, respectively. The fwhm for the Ru 3d 5/2 peak in Figure 6 , part (b), is about 0.6 eV, while the corresponding Ru 3d 3/2 peak shows a larger fwhm, about 1.2 eV, due to Coster-Kronig broadening: 48 In addition to the dominant low binding energy spin orbit doublet there are two satellites at 282.5 and 286.8 eV, respectively, whose origin is debated in the literature. Some authors suggest that they originate from a RuO 3 component in the film 43, 45 while others propose that they are due to surface atoms, e.g. the fivefold-coordinated Ru-atoms with the truncated bond terminated through oxygen atoms. 49 Another proposal is that the origin of the satellite features is an energy loss of the Ru 3d photoemitted electrons through plasmon excitation in the RuO 2 film. 50 There are, in addition, authors claiming that the satellites are due to final-state screening effects. changes as the concentration of TiO 2 is varied and a few trends can be observed. The most apparent is the change in the intensity ratio between the Ru 3d 5/2 and 3d 3/2 main peaks. In addition, the peak intensity ratio between the Ru 3d 5/2 main peak and its satellite is decreasing with higher TiO 2 concentration. The change in the shape in the binding energy region 280 -283 eV can be explained through a partial peak shift, i.e. a part of the Ru 3d 5/2 main peak is shifted toward higher binding energies and into the Ru 3d 5/2 satellite region due to the presence of Ti.
Since the shift of the Ru 3d 5/2 is filling up the dip at 281.9 eV, the shift of the main peaks is estimated to be about 0.8 eV. In the Supporting Information the intensity distribution in the binding energy region 280 -283 eV is further investigated through peak fitting of the XPS spectra. The result from the peak fitting process corroborates the suggestion of a partial shift of the Ru 3d 5/2 toward higher binding energies. coatings (see Figure 5 ) is, thus, accompanied with a shift toward higher binding energies observed in the corresponding Ru 3d spectra. Hence, the XPS study infers that charge is transferred from the RuO 2 to the TiO 2 in mixed (Ru and O 2 according to the three main reaction parts represented by (3), (4) and (5):
Hence, at a significant value of x in the mixed (Ru 1-x :Ti x )O 2 coatings the charge transfer is substantial enough to benefit the electrocatalytic activity for water oxidation in acidic media. The improved electrocatalytic activity is further enhanced at larger values of x, due to a more effective charge transfer, which corroborates earlier studies that showed that no improvement in the electrocatalytic activity is obtained for mixed (Ru 1-x :Ti x )O 2 coatings with x < 0.7.
10
The formation of RuO 2 δ+ , i.e. the loss of charge from the surface RuO 2 , is evenly distributed due to the mixed-in TiO 2 that work as a charge reservoir and the OER is, thus, promoted uniformly over the surface, as shown on the left side of the SECM image in Figure 1 . On the right side in the SECM image of Figure 1 near the substrate, an enhanced electrocatalytic activity will occur in the bottom of the cracks.
Since the resolution of the SECM image is set by the size of the UME-tip, which is much larger than the width of the cracks, the enhanced electrocatalytic activity in the cracks will appear as highly active areas on the pure RuO 2 coating. On the TiO 2 -doped RuO 2 coating, on the other hand, the evenly distribution of the TiO 2 in the coating results in a uniform electrocatalytic activity over the whole surface. For the same reason, i.e. diffusion of Ti into the coating, the border between the pure RuO 2 and the TiO 2 film shows an increased electrocatalytic activity while the border between the TiO 2 -doped RuO 2 and the TiO 2 film shows the opposite effect.
An alternative explanation to the enhanced OER activity in the mixed (Ru 1-x :Ti x )O 2 coatings has, however, recently been presented in the literature. The study, which was based on density functional theory calculations, compared the required overpotential for the OER activity on undoped TiO 2 (110) and doped rutile M-TiO 2 (110), where M is a transition metal. In this theoretical analysis Garcia-Mota et al. 37 found a considerable enhanced OER activity on the M-TiO 2 (M= Cr, Mo, Mn, or Ir) compare to pure TiO 2 , although, the study did not demonstrate that M-doped TiO 2 would provide a better OER activity than pure RuO 2 .
CONCLUSIONS
The SECM SG/TC image obtained using a gold UME tip for sensing the electrochemical activity for water oxidation reaction, i.e. the O 2 evolution produced on DSA ® type electrodes In conclusion, we provide here additional and valuable insight into the mechanism of electrocatalytic water oxidation on industrially relevant (Ru 1-x :Ti x )O 2 DSA ® type electrodes. We can conclude from the combined SECM and XPS study that, even though the Ru content in the mixed (Ru 1-x :Ti x )O 2 coating is considerable lower compare to pure RuO 2 coating, the former is more efficient for electrocatalytic water oxidation than the latter. Thus, the TiO 2 -doping and particularly the interaction between the Ti and the Ru plays a significant role in enhancing the OER activity on these mixed oxide coated electrodes. Activity toward oxygen evolution SECM DSA ®
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